



















Q u a r t e r l y  Repor t ,  Volume III 
PLANETARY SOLAR ARRAY DEVELOPMENT 
Prepared f o r  
J e t  P r o p u l s i o n  Laboratory 
C a l i f o r n i a  I n s t i t u t e  o f  Technology 
4800 Oak Grove Drive 
Pasadena, C a l i f o r n i a  
A t t e n t i o n :  M. Beckstrom 
C o n t r a c t  952035 
EOS Report  7254-4-3 15 A p r i l  1968 
Prepared by 
R .  Wizenick, Program Manager 
Approved by 
W. Mene t r e y ,  Manager 
Space E l e c t r o n i c s  Div is ion  
This work was performed f o r  t h e  J e t  P r o p u l s i o n  
Laboratory,  C a l i f o r n i a  I n s t i t u t e  o f  Technology, 
a s  sponsored by t h e  N a t i o n a l  Aeronaut ics  and 
Space Adminis t ra t ion  under C o n t r a c t  No. NAS7-100. 
ELECTRO - OPTICAL SYSTEMS, INC. 










ABS TRAC T 
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Array Development Study Program, J e t  P r o p u l s i o n  L a b o r a t o r y  
C o n t r a c t  No. 952035. 
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T h i s  r e p o r t  i s  Volume I11 of  th ree  volumes of  t h e  t h i r d  q u a r t e r l y  re -  
p o r t .  It  r e p r e s e n t s  t he  d e t a i l e d  s t u d y  o f  t h e  s i n g l e - p a n e l - o r i e n t e d  
s o l a r  a r r a y .  
To avo id  r e p e t i t i o n ,  c e r t a i n  s e c t i o n s  of  t h i s  r e p o r t  are r e f e r e n c e d  t o  
Volume I and I1 as a p p l i c a b l e ,  






PACKAGING AND DEPLOYMENT 
I '  
T h i s  s e c t i o n  d e t a i l s  t h e  mechanical packaging and deployment of  a 
p h o t o v o l t a i c  power sys tem having sun t r a c k i n g  c a p a b i l i t y .  The sys tem 
c o n s i s t s  b a s i c a l l y  of  a f o u r - s e c t i o n  s o l a r  pane l  which i s  mounted 
u n i v e r s a l l y  on a v e r t i c a l l y  standing, boom. The deployment and p o s i -  
t i o n i n g  mechanisms of t h e  main an tenna  system are i n t e g r a t e d  w i t h  and 
d r i v e n  through t h i s  same v e r t i c a l  boom assembly. 
T h i s  f o u r - s e c t i o n - o r i e n t e d  s o l a r  a r r a y  and i n t e g r a t e d  an tenna  system, 
as w e l l  as suppor t  and deployment e l e m e n t s ,  a r e  d e p i c t e d  on E l e c t r o -  
O p t i c a l  Systems Drawing Number 7254-117 ( F i g .  2-1) .  I n c l u d e d  i s  a 
l egend f o r  i d e n t i f i c a t i o n  of  t h e  v a r i o u s  mechanical and s t r u c t u r a l  
elements of t h e  system. Reference i s  a l s o  made t o  E l e c t r o - O p t i c a l  
Systems Drawing Number 7254-119 which appears  i n  S e c t i o n  3 of  t h i s  
t e x t  (Fig.  3-13) and which d e p i c t s  e n l a r g e d  views of t h e  f o u r - s e c t i o n  
solar a r r a y  w i t h  i t s  s t r u c t u r a l  and deployment e lements .  This  d e s i g n  
p r o v i d e s  f o r  t h e  s o l a r  p a n e l s  be ing  mounted i n  such a manner t h a t  t h r e e  
s i d e s  of t h e  s p a c e c r a f t  are always completely u n o b s t r u c t e d .  It over -  
comes t h e  p o s s i b i l i t y  of t h e  antenna o u t p u t  be ing  blocked by t h e  s o l a r  
a r r a y ,  o r  t h e  s o l a r  a r r a y  being shadowed by t h e  an tenna .  
2 . 1  PACKAGING 
The fo l lowing  is  a d i s c u s s i o n  of t h e  mechanical a s p e c t s  f o r  a c o n c e p t u a l  
d e s i g n  of a p h o t o v o l t a i c  power system which meets t h e  d e s i g n  c o n s t r a i n t s  
of  Je t  P r o p u l s i o n  Laboratory Drawing No. 1002-32368, and E l e c t r o - O p t i c a l  
Systems Drawing No. 7254-100 (Fig. 2 -2 ,  Volume 11). The d e s i g n  p r o v i d e s  
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Figure  3-13.  W U U T  F R d  
o r  p a n e l s  of which t h e  
complete  p h o t o v o l t a i c  a r r a y  i s  composed. Each segment o r  p a n e l  i s  i n  
t h e  form of  a n  aluminum, hol low-core s u b s t r a t e  w i t h  i n t e g r a l  b e r y l l i u m  
t u b i n g  frames around i t s  per iphery .  S p e c i a l  m i n i a t u r e  aluminum e x t r u -  
s i o n s  are used  as t h e  b r i d g e  element from t h e  hol low-core s u b s t r a t e  t o  
t h e  b e r y l l i u m  t u b i n g  frames. The two c e n t e r  segments are bonded t o -  
g e t h e r  i n  such a manner t h a t  they form a s i n g l e ,  r i g i d  assembly o f  
s u f f i c i e n t  a r e a  t o  c o n t a i n  1 6  s o l a r  c i r c u i t s  ( e i g h t  c i r c u i t s  on each  
segment o r  p a n e l ) .  
bonded o n t o  t h e  convex s u r f a c e  of t h e  p a n e l s .  
On t h i s  p o r t i o n  of t h e  s o l a r  a r r a y ,  t h e  ce l l s  are 
The two o u t e r  segments o r  panels  are  hinged t o  t h e  frame of  t h e  c e n t e r  
d o u b l e  pane l  , one on each end ,  i n  such a way t h a t  they  can b e  f o l d e d  
inward toward t h e  boom assembly, D ,  and s e c u r e l y  l a t c h e d  d u r i n g  t h e  
stowed o r  launch c o n d i t i o n .  Each of t h e  two end p a n e l s  i s  of  s u f f i -  
c i e n t  a r e a  t o  c o n t a i n  seven s o l a r  c i r c u i t s  which are bonded t o  t h e  
concave s u r f a c e  of t h e  s u b s t r a t e ,  t h e r e b y  a f f o r d i n g  g r e a t e r  packaging 
d e n s i t y  when t h e  p a n e l s  are i n  t h e  f o l d e d  and l a t c h e d  c o n d i t i o n .  The 
t o t a l  s o l a r  a r r a y ,  F ,  c o n t a i n s  30 s o l a r  c i r c u i t s ,  each of which con- 
t a i n s  s ix  c e l l s  i n  p a r a l l e l  by 60 c e l l s  i n  ser ies .  
During t h e  launch c o n d i t i o n ,  the f o l d e d  s o l a r  a r r a y  w i l l  b e  mounted 
w i t h i n  t h e  s t e r i l i z a t i o n  c a n n i s t e r  on an  a n g l e  of 15 degrees  below 
h o r i z o n t a l .  I n  t h i s  c o n d i t i o n ,  i t  i s  c e n t r a l l y  l o c a t e d  b e n e a t h  t h e  
main boom assembly,  D. The s i d e  of t h e  a r r a y ,  which i s  n o t  a t t a c h e d  
t o  t h e  outboard  end of t h e  boom, is  f o l d e d  i n  a g a i n s t ,  and l a t c h e d  o n t o ,  
t h e  upper  frome of t h e  s p a c e c r a f t  body, U. 
The outboard  end of t h e  boom assembly i s  suppor ted  i n  t h e  stowed con- 
d i t i o n  by t h e  two t h i n - w a l l  bery l l ium t u b e s  w i t h  l i g h t w e i g h t  m e t a l  end 
f i t t i n g s .  These t u b e s  are p o s i t i o n e d  t o  form a n  "A frame" t r u s s ,  R ,  




The antenna assembly,  J ,  i s  mounted by means of i t s  own antenna  boom, 
K ,  and a l a t c h  mechanism, N, d i r e c t l y  above t h e  main boom assembly. 
The inboard end of t h e  main boom assembly i s  a t t a c h e d  t o  t h e  t o p  of 
t h e  s p a c e c r a f t  through t h e  boom p i v o t  s h a f t ,  B ,  t o  a main s u p p o r t  
b r a c k e t  assembly, A ,  which i s  l o c a t e d  a t  each  s i d e  of t h e  t o p  of t h e  
s p a c e c r a f t  frame. The two main s u p p o r t  b r a c k e t  a s s e m b l i e s ,  boom p i v o t  
s h a f t ,  and main boom assembly are composed of  t h i n - w a l l  b e r y l l i u m  tub-  
i n g  w i t h  l i g h t w e i g h t  m e t a l  end f i t t i n g s .  Various t o r s i o n  s p r i n g  assem- 
b l i e s ,  l a t c h  and u n l a t c h  u n i t s ,  and d r i v e  motors are used  f o r  p o s i t i o n -  
i n g  t h e  s o l a r  a r r a y  and an tenna  assembly i n  t h e  landed  c o n d i t i o n ,  and 
w i l l  b e  descr ibed  i n  t h e  fo l lowing  paragraphs .  
2 .2  DEPLOYMENT 
Upon landing ,  deployment and p o s i t i o n i n g  of t h e  s o l a r  a r r a y  and an tenna  
assembly w i l l  b e  accomplished i n  a s e q u e n t i a l  manner by a preprogrammed 
r o u t i n e  from t h e  s p a c e c r a f t  computer. F i r s t ,  t h e  two a frame t r u s s  
members w i l l  b e  un la tched  and r e l e a s e d  from t h e  outboard  end of  t h e  
main boom assembly. This  w i l l  a l low t h e s e  t r u s s  members t o  f a l l  down 
t o  t h e  s u r f a c e  of t h e  t e r r a i n  upon which t h e  s p a c e c r a f t  has  landed.  
Second, t h e  s o l a r  a r r a y  l a t c h e s ,  H ,  w i l l  b e  r e l e a s e d ,  which w i l l  com- 
p l e t e l y  unlock t h e  i n t e g r a t e d  system from t h e  stowed o r  launch condi-  
t i o n .  Unlatching w i l l  be accomplished p y r o t e c h n i c a l l y .  
A f t e r  u n l a t c h i n g ,  two t o r s i o n  s p r i n g  mechanisms, C ,  which a r e  l o c a t e d  
a t  each end of t h e  boom p i v o t  s h a f t ,  w i l l  l i f t  t h e  e n t i r e  i n t e g r a t e d  
system and r o t a t e  i t  i n  an upward d i r e c t i o n  through 105 degrees  t o  a 
v e r t i c a l  p o s i t i o n  p a r a l l e l  t o  t h e  v e r t i c a l  c e n t e r l i n e  of t h e  s p a c e c r a f t .  
The t o r s i o n  s p r i n g  mechanisms a r e  equipped w i t h  damper d e v i c e s  and l o c k s  
which w i l l  slow t h e  movement of  t h e  system as i t  approaches t h e  end of  
i t s  t r a v e l ,  and lock  i t  i n t o  a r i g i d  c o n d i t i o n  when it reaches  t h e  





A f t e r  t h e  boom has been e l e v a t e d  and locked  i n  t h e  v e r t i c a l  p o s i t i o n ,  
t h e  l a t c h e s  which have been hold ing  t h e  two o u t e r  s o l a r  p a n e l s  i n  t h e  
stowed c o n d i t i o n  w i l l  b e  u n l a t c h e d  p y r o t e c h n i c a l l y .  
mechanisms l o c a t e d  a t  each o u t e r  p a n e l  h i n g e  f i t t i n g  w i l l  r o t a t e  t h e  
two o u t e r  s o l a r  p a n e l s  through 180 d e g r e e s  outward from t h e i r  f o l d e d ,  
o r  s towed,  p o s i t i o n .  The t o r s i o n  s p r i n g  mechanisms are  equipped w i t h  
damper devices  and locks  which w i l l  s low t h e  outward movement of t h e  
p a n e l s  as they approach t h e  end of  t h e i r  t r ave l ,  and l o c k  them i n t o  a 
fu.11 extended p o s i t i o n  a s  shown i n  t h e  drawing. 
T o r s i o n  s p r i n g  
The e n t i r e  v e r t i c a l  boom assembly, which car r ies  t h e  s o l a r  a r r a y  and 
t h e  an tenna  assembly,  i s  f r e e  t o  r o t a t e  a f u l l  360 degrees  about  i t s  
a x i s .  This  r o t a t i o n  i s  accomplished by means of t h e  boom r o t a t i n g  
d r i v e  mechanism, E ,  which i s  l o c a t e d  a t  t h e  base of  t h e  v e r t i c a l  boom 
and which i s  b a s i c a l l y  a completely e n c l o s e d  and dus tproof  g e a r  motor.  
E l e v a t i o n  o r  t i l t  of  t h e  s o l a r  a r r a y  i s  accomplished by means of t h e  
s o l a r  p a n e l  assembly e l e v a t i o n  d r i v e  mechanism, G ,  which i s  l o c a t e d  
a t  t h e  j u n c t i o n  p o i n t  of t h e  s o l a r  a r r a y  and t h e  outboard  end of  t h e  
ve r t i ca l  boom assembly. This  mechanism i s  b a s i c a l l y  a second com- 
p l e t e l y  enc losed  and dustproof  g e a r  motor ,  t h e  purpose of which i s  t o  
e l e v a t e  t h e  s o l a r  a r r a y ,  a s  requi red .  By movement of t h e s e  two d r i v e  
mechanisms, any d e s i r e d  angular  p o s i t i o n  o r  e l e v a t i o n  of t h e  s o l a r  
a r r a y  can b e  achieved.  
I n i t i a l  p o s i t i o n i n g  of t h e  p l a n e t a r y  s o l a r  a r r a y  w i l l  b e  accomplished 
f r o m  preprogrammed commands which have been s t o r e d  i n  t h e  s p a c e c r a f t  
computer and l o g i c  system, o r  from e a r t h  command. This  involves  r o t a t -  
i n g  and e l e v a t i n g  t h e  a r r a y  SO t h a t  i t  " f i n d s "  t h e  sun.  
i n i t i a l  p o s i t i o n i n g ,  t h e  s o l a r  a r r a y  w i l l  "lock o n t o  t h e  sun" by means 
of s o l a r  s e n s i n g  d e v i c e  which i s  l o c a t e d  a t  t h e  end of t h e  a r r a y ,  i t  
w i l l  c o n t i n u e  t o  t r a c k  t h e  s u n  throughout  t h e  Mar t ian  day, A t  t h e  end 
of each Mar t ian  day ,  t h e  s o l a r  a r r a y  w i l l  b e  r e t u r n e d  t o  t h e  " s u n r i s e  
c o n d i t i o n "  by e i t h e r  t h e  s p a c e c r a f t  computer o r  e a r t h  command. 





r o t a t i n g  boom w i l l  b e  programmed t o  always r e t u r n  t o  t h e  “ s u n r i s e  
c o n d i t i o n ” b y  r e v e r s i n g  i t s  d i r e c t i o n  of r o t a t i o n .  
boom f o r  power t r a n s m i s s i o n  w i l l  t h e r e f o r e  n o t  b e  n e c e s s a r y )  and power 
and c o n t r o l  l e a d s  can b e  brought  o u t  t o  t h e  s p a c e c r a f t  through t h e  
ho 1 low boom. 
S l i p  r i n g s  on t h e  
The main antenna assembly,  J ,  i s  i n t e g r a t e d  w i t h ,  b u t  o p e r a t e s  inde-  
pendent ly  with r e s p e c t  t o ,  t h e  v e r t i c a l  boom assembly ,  D. A f t e r  t h e  
s p a c e c r a f t  has landed and t h e  boom assembly has  been e l e v a t e d  and 
locked i n  i t s  v e r t i c a l  p o s i t i o n )  t h e  an tenna  assembly w i l l  b e  u n l a t c h e d  
p y r o t e c h n i c a l l y  from i t s  stowed o r  launch c o n d i t i o n .  It i s  t h e n  f r e e  
t o  b e  e l e v a t e d  as r e q u i r e d  by t h e  an tenna  e l e v a t i o n  d r i v e  mechanism) 
L ,  l o c a t e d  on top  of t h e  v e r t i c a l  boom assembly. F u l l  360 d e g r e e  
a n g u l a r  r o t a t i o n  of t h e  an tenna  assembly i s  achieved  by means of t h e  
an tenna  r o t a t i o n  d r i v e  mechanism, M. These two d r i v e  mechanisms are 
b a s i c a l l y  completely enc losed  and dus tproof  g e a r  motors.  By t h e  inde-  
pendent o p e r a t i o n  of each motor ,  t h e  an tenna  assembly can b e  aimed i n  
any d e s i r e d  d i r e c t i o n .  Antenna assembly p o s i t i o n i n g  w i l l  b e  achieved  






T h i s  s e c t i o n  d e t a i l s  l t h e  e l e c t r i c a l  a n a l y s i s  f o r  t h e  s i n g l e - p a n e l -  
o r i e n t e d  s o l a r  a r r a y .  
3.1 







SOLAR CELL COVERING 
SOLAR CELL RADIATION DEGRADATION 
CIRCUIT DESIGN 
e l e c t r i c a l  c i r c u i t  s h a l l  b e  a f la t -mounted a r r a y  of  s e r i e s - p a r a l l e l  
s o l a r  ce l l s  of 6P x 60s .  The dimensions of the  c i r c u i t  a r e  shown i n  
F i g .  3-10, drawing 7254-120. The e l e c t r i c a l  connec tor  c o n f i g u r a t i o n s  
a r e  shown i n  F i g s .  3-11 and 3-12.  The reasons  f o r  p r e f e r r i n g  t h i s  
t y p e  of c i r c u i t  c o n f i g u r a t i o n  were d i s c u s s e d  i n  t h e  second q u a r t e r l y  
r e p o r t .  
A drawing o f  the  panel  i s  shown i n  EOS drawing 7254-119, F i g .  3-13. 
The panel  a r r a y  i s  considered a s  a s i n g l e  p a n e l ;  however, i n  r e a l i t y  
i t  c o n s i s t s  of f o u r  subpanels .  The c e n t e r  s e c t i o n  c o n s i s t s  of two 
s p e r i c a l ,  hol lowcore s u b s t r a t e s  s h a r i n g  a common b e r y l l i u m  beam. Each 
s u b s t r a t e  c o n t a i n s  8 c i r c u i t s  of 6P x 60s  f o r  a t o t a l  of 16 c i r c u i t s .  
The f o l d i n g  s i d e  p a n e l s  a r e  s p h e r i c a l  , hollowcore s u b s t r a t e s  w i t h  
b e r y l l i u m  edge beams. 
t o t a l  number of c i r c u i t s  i n  the a r r a y  i s  30. The c i r c u i t s  a r e  a t t e n -  
u a t e d  i n  d i r e c t i o n  t o  minimize t h e  magnet ic  f i e l d  e f f e c t ,  and no 
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magnet ic  components a r e  used i n  t h e  c i r c u i t s .  Each c i r c u i t  i s  wired  
t o  a t e r m i n a l  board on t h e  back s i d e  of t h e  p a n e l  w i t h  two s t r a n d e d  
w i r e  l e a d s  f o r  redundancy. 
p o s i t i v e  t e r m i n a l  board f o r  each c i r c u i t ,  i n  series w i t h  t h e  o u t p u t  
l e a d s .  
t o  an  o u t l e t  p lug  f o r  t h e  t o t a l  a r r a y .  
Two i s o l a t i o n  d i o d e s  a r e  p l a c e d  on t h e  
The c i r c u i t s  a r e  w i r e d  i n  p a r a l l e l ,  w i t h  t w i s t e d  s t r a n d e d  w i r e ,  
3 .5  ELECTRICAL POWER ANALYSIS 
The p r e f e r r e d  c i r c u i t  was d e t a i l e d  i n  t h e  second q u a r t e r l y  r e p o r t  a s  
b e i n g  6P x 66s.  A c l o s e r  look a t  t h e  I - V  c h a r a c t e r i s t i c s  of  a 1-3 
ohm-cm c e l l  r e v e a l e d  t h a t  t h e  o p e r a t i n g  p o i n t  could  b e  taken  a s  0.485V 
i n s t e a d  of 0.450V a s  o r i g i n a l l y  assumed. 
of  t h e  o r i e n t e d  a r r a y  f o r  noon sun c o n d i t i o n s  r e v e a l e d  t h a t  t h e  average 
a r r a y  tempera ture  would be 28'C, n e a r  ambient.  
An e s t i m a t e  of  t h e  tempera ture  
0 
A t y p i c a l  I - V  curve  of a c e l l  a t  28 C i s  shown i n  F i g .  3-2,  V o l .  11. 
A new s t r i n g  l e n g t h  of 60 ce l l s  i n  se r ies  was s e l e c t e d .  
p o i n t  of t h e  c e l l  would be  28.0V p l u s  1 v o l t  f o r  d iode  and w i r i n g  l o s s e s :  
The o p e r a t i n g  
29.0V/60 = 483 m V / c e l l  
As d i s c u s s e d  i n  t h e  second q u a r t e r l y  r e p o r t ,  t h e  s h i f t  i n  v o l t a g e  due 
t o  t h e  i n t e n s i t y  change from 140 mW/cm2 t o  50 mW/cm2 i s  8 mV (F ig .  
3-14).  T h e r e f o r e ,  r e f e r r i n g  t o  F i g .  3-12, of a t y p i c a l  c e l l  a t  28 C 
t h e  c u r r e n t  o u t p u t  a t  483 mV p l u s  8 mV ( t h e  8 mV i s  added i n s t e a d  of 
s u b t r a c t e d  t o  s i m u l a t e  s h i f t i n g  t h e  curve)  i s  491 mV, which r e p r e s e n t s  
a c u r r e n t  of 119.2 mA. 
0 
The submodule o u t p u t  would be 
6 (119.2 mA) = 715.2 mA a t  483 mV 
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Figure 3-14. Typical I - V  Characteristics as a Function of 





The submodule o u t p u t  c o r r e c t e d  f o r  t h e  T e d l a r  f i l m  c o a t i n g  and f a b r i -  
c a t i o n  al lowance:  
T e d l a r  f i l m  c o a t i n g  - 1% 
F a b r i c a t i o n  al lowance - 2% 
T o t a l  - 3% 
Submodule o u t p u t :  
715.2 (0.97) = 694 mA a t  483 mV 
C i r c u i t  o u t p u t  = 694 mA a t  28.0V 
( a t  1 AU, 28OC) 
The Mar t i an  mis s ion  has  been e s t a b l i s h e d  a s  1 e a r t h  y e a r ,  app rox ima te ly  
e q u i v a l e n t  t o  t h e  t i m e  pe r iod  from M a r t i a n  s p r i n g  through f a l l ,  a s  de- 
f i n e d  by t h e  n o r t h e r n  hemisphere. F i g u r e  3-15 shows t h e  s e a s o n a l  p o s i -  
t i o n  of Mars ,  and F i g s .  3-16 and 3-17 show t h e  i n c l i n a t i o n  of Mars w i t h  
r e s p e c t  t o  t h e  Sun. 
The a t t e n u a t i o n  of the Mars atmosphere was assumed t o  be a l o g a r i t h m i c  
f u n c t i o n  of p r e s s u r e .  By analogy w i t h  e a r t h  c o n d i t i o n s ,  we a s s i g n e d  
a t r a n s m i s s i o n  f a c t o r  of 0.7 a t  a p r e s s u r e  of 1000 mb ( e a r t h  AMI). 
The t r a n s m i s s i o n  f a c t o r  a t  1 mb was assumed a t  1.0. By l o g a r i t h m i c  
e x t r a p o l a t i o n ,  t he  t ransmiss ion  f a c t o r  a t  Mars s u r f a c e  ( 7  mb) was 
found t o  be  0.92. (Reference F i g .  3-18 and the  f i r s t  q u a r t e r l y  r e p o r t ,  
Subsec t ion  2.1.4.) We b e l i e v e  t h i s  t r a n s m i s s i o n  f a c t o r  t o  be  conserva-  
t i v e ;  however, i t  h a s  been e s t a b l i s h e d  a s  a b a s e l i n e  f o r  t he  program. 
The Mars s u r f a c e  s o l a r  i n t e n s i t i e s  a r e :  
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Volume 111 
3-9 
r M A R S  (TYP)  . 
NORTH POLE (TYP) M 







50 m~ /c m2 
I 







MARS (FALL, 60mW/cm2 
8 
I 
F i g u r e  3-15. P o s i t i o n s  of  Mars During 1 E a r t h  Year o f  P l a n e t a r y  
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Spr ing  and f a l l :  
2 2 (60 mW/cm ) (0.92) = 55.2 mW/cm 
Rat io  t o  AM0 = 55.2/140 = 0.394 
Summe r : 
2 2 (50 mW/cm ) (0.92) = 46.0 mW/cm 
Ratio t o  AM0 = 46.0/140 = 0.329 
0 
Cur ren t  ou tput  per c i r c u i t  a t  Mars AMI, 28 C normal t o  t h e  sun: 
Spr ing  and f a l l :  
(694 mA) (0.394) = 273.4 mA 
Summer : 
(694 mA) (0.329) = 228.3 mA 
Power output :  
Spr ing  and f a l l :  
273.4 mA a t  28.0V = 7.66W 
Summer: 
228.3 mA a t  28.0V = 6.3W 
The a c t u a l  power o u t p u t  o f  t h e  s i n g l e  pane l  o r i e n t e d  a r r a y  a t  noon i s  
a f u n c t i o n  of a number of v a r i a b l e s ;  t h e s e  a r e :  
a .  Mart ian seasona l  change i n  s o l a r  i n t e n s i t y ,  a s  a f u n c t i o n  
b .  Temperature of t h e  s o l a r  a r r a y ,  a s  a f u n c t i o n  of season .  
of Mars-Sun d i s t a n c e .  
It i s  n o t  the i n t e n t  of t h i s  r e p o r t  t o  ana lyze  a l l  t h e  p o s s i b l e  power 
ou tpu t  combinat ions.  However, c e r t a i n  l i m i t i n g  c o n d i t i o n s  w i l l  be  
reviewed i n  d e t a i l ,  and i t  w i l l  be p o s s i b l e ,  by e x t r a p o l a t i o n ,  t o  e s t i -  
mate t h e  power  f o r  any set  of c o n d i t i o n s .  
7254-4-3 
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The o b j e c t  of t h e  s i n g l e  panel o r i e n t e d  s o l a r  a r r a y  i s  t o  p r o v i d e  a 
t h r e e - a x i s  t r a c k i n g  c a p a b i l i t y ,  s a t i s f y i n g  t h e  packaging r e s t r a i n t l s  
imposed b y  X L .  The deployment of t h e  s o l a r  pane l  and an tenna  on a 
v e r t i c a l  boom e l i m i n a t e s  t h e  p o s s i b i l i t y  of shadowing from t h e  space-  
c r a f t  body and an tenna .  
u t i l i z i n g  only  30 c i r c u i t s  t o  o b t a i n  t h e  r e q u i r e d  o u t p u t .  
With no shadowing, t h e  a r r a y  c a n  b e  made 
The tempera ture  of t h e  a r r a y  a f f e c t s  t h e  power o u t p u t ,  and w i l l  v a r y  
du.ring t h e  day f o r  any g iven  l o c a t i o n  and season .  A d e t a i l e d  thermal  
a n a l y s i s  i s  p r e s e n t e d  i n  S e c t i o n  5;  however t h e  f o l l o w i n g  average  
l i m i t i n g  c o n d i t i o n s  a r e  c i t e d  f o r  r e f e r e n c e :  
a .  O r i e n t e d  s o l a r  panel average  tempera tures .  ( f20° L a t  .) 
1. F i r s t  day of s p r i n g  o r  f a l l :  
Dawn - 1 0 . 1 O C  
Noon - 24.6OC 
Sunse t  - 20.5OC 
2. F i r s t  day of summer: 
Dawn - 0 . 2 O C  
Noon - 15.3OC 
Sunset  - l l . O ° C  
The power p e r  c i r c u i t  p rev ious ly  c a l c u l a t e d  f o r  an  e s t i m a t e d  tempera- 
t u r e  a t  noon of 28 C can be c o r r e c t e d  by t h e  graph ,  F i g .  3-19. There-  
f o r e  t h e  power o u t p u t  of a c i r c u i t  a t  summer noon, tempera ture  15.3 C ,  
i s  a s  fo l lows:  
0 
0 
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The minimum power o u t p u t  of the a r r a y  a t  summer noon, w i t h  30 c i r c u i t s  
o p e r a t i n g ,  would b e  : 
6.85W (30) = 205.7W 
The c o r r e c t i o n  f o r  t h e  c i r c u i t  power a t  s p r i n g  o r  f a l l  noon t o  a 
tempera ture  of 24.6 C would be: 0 
7.66 (1.02) 7.813W. 
The power o u t p u t  of t h e  a r r a y  a t  noon f o r  t h e  s p r i n g  o r  f a l l  s e a s o n a l  
c o n d i t i o n s  would be : 
7.813W (30)  = 234.4W. 
The power o u t p u t  a t  noon f o r  t h e  l i m i t i n g  c o n d i t i o n s  exceeds t h e  20Ow 
minimum requi rement .  
The power o u t p u t  of t h e  a r r a y  f u l l y  o r i e n t e d  f o r  a 12-hour d a y l i g h t  
p e r i o d  ( f i r s t  day of summer) i s  a f f e c t e d  by two v a r i a b l e s ,  One is t h e  
change i n  temperature  from s u n r i s e  t o  s u n s e t ;  t h e  o t h e r  is  t h e  a t t e n u -  
a t i n g  e f f e c t s  of t h e  change i n  a i r  mass f o r  t h e  same t i m e  p e r i o d .  
The tempera ture  l i m i t s  were given p r e v i o u s l y ,  and t h e  a i r  mass c a n  b e  
approximated f o r  i 2 O o  l a t i t u d e  from t h e  e q u a t o r  by e q u a t i o n :  
A =  
where 
A =  
R =  
H =  
e =  
a i r  mass a s  a f u n c t i o n  of  H 
r a d i u s  of Mars (miles)  
atmosphere he ight  of  Mars (mi les )  




The mean r ad ius  of  Mars i s  f a i r l y  w e l l  e s t a b l i s h e d  a t  2100 miles;  how- 
e v e r ,  t h e  atmosphere h e i g h t  of Mars i s  n o t  known a t  t h e  p r e s e n t .  For  
t h e  purpose of t h i s  r e p o r t  t h e  atmospheric  h e i g h t  of ze ro  wind of 
90,000 f t ,  t aken  from t h e  wind p r e d i c t i o n s  of  e s t i m a t e d  Voyager d a t a  
f u r n i s h e d  by JPL, w i l l  be  doubled t o  g ive  a maximum a tmospher ic  h e i g h t  
of 180,000 f t ,  o r  approximate ly  34  m i l e s .  T h e r e f o r e ,  t h e  r a t i o  of 
R/H = 62. 
i n g  va lues  a r e  ob ta ined :  
By s u b s t i t u t i n g  R = 62 H i n t o  the  e q u a t i o n  f o r  A t h e  fo l low-  
8 ( t i m e )  
0 (noon) 
15' (1 h r )  
30' ( 2  h r s )  
45' ( 3  h r s )  
60' ( 4  h r s )  
75' ( 5  h r s )  
90' ( 6  h r s )  
A 
1 .oo 







The e f f e c t  of t h e  a i r  mass a t t e n u a t i o n  can be seen  from the  graph 
( F i g .  3-20-1) which i s  taken  from the  a n a l y s i s  p r e s e n t e d  i n  F i g .  3-18  
of t h i s  r e p o r t .  
The panel  power o u t p u t  f o r  a 12-hour day ( f i r s t  day of s u m e r )  a t  t h e  
minimum seasonal  s o l a r  i n t e n s i t y  i s  p l o t t e d  i n  F i g .  3-20-2. The s o l i d  
l i n e  i s  the  panel  ou tpu t  c o r r e c t e d  f o r  tempera ture  o n l y ,  and the  dashed 
l i n e  i s  t h e  combined tempera ture  and a i r  mass c o r r e c t e d  c u r v e .  
3 . 6  MAGNETIC FIELD ANALYSIS 
An a n a l y s i s  was made t o  e s t i m a t e  the  magnitude of t he  magnet ic  f i e l d  
c r e a t e d  by the c u r r e n t  c a r r y i n g  c i r c u i t s  of t h e  s o l a r  a r r a y .  The f i e l d  
r e s u l t i n g  from the magne t i za t ion  of m a t e r i a l s  is a b s e n t  s i n c e  a l l  the  
a r r a y  materials a r e  nonmagnetic. 
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The s i n g l e  p a n e l - o r i e n t e d  a r r a y  h a s  30 c i r c u i t s ,  each c i r c u i t  c o n s i s t -  
i n g  of 6 ce l l s  i n  p a r a l l e l  by 60 c e l l s  i n  se r ies .  The maximum power 
p e r  c i r c u i t  o c c u r s  a t  noon condi t ions  a t  s p r i n g  and f a l l  s e a s o n s  of 
Mars,  and a t  28 C i t  is: 
0 
7.66W a t  28.0V 
o r ,  0.2748 a t  28.0V 
Each c i r c u i t  i s  r e v e r s e d  i n  d i r e c t i o n  on t h e  pane l  t o  form a minimum 
a r e a  c u r r e n t  loop.  The bus wire connec t ions  a r e  made w i t h  t w i s t e d  w i r e  
p a i r s  t o  minimize t h e  magnetic f i e l d  e f f e c t s .  F i g u r e  3-21 shows a 
t y p i c a l  c i r c u i t  arrangement.  
A c a l c u l a t i o n  of t h e  magnetic f i e l d  can be e f f e c t e d  by c o n s i d e r i n g  a 
p a i r  of a d j a c e n t  c i r c u i t s  a s  a c u r r e n t  loop  whose d i p o l e  moment i s  
g i v e n  by: 
m = I A  
where ?T! i s  t h e  ~ - 2 n l e  mnment d i r e ~ t e d  f r o m  the  c e n t e r  of t h e  Izop and 
p e r p e n d i c u l a r  t o  t h e  plane of t h e  loop;  I i s  t h e  c i r c u l a t i n g  c u r r e n t ;  
and A i s  t h e  a r e a  of t h e  l o o p  i n  square  meters. I n  t h e  r a t i o n a l i z e d  
MKS u n i t s ,  t h e  d i p o l e  moment is i n  amp-meter . 2 
The magnetic f i e l d  due t o  the  d i p o l e  a t  a p o i n t  P can be d i v i d e d  i n t o  
two components. Refer  t o  F i g .  3-22. 
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Figure 3-21 .  Bus and Circuit Arrangement 
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Equa t ions  2 and 3 a r e  v a l i d  approximations when t h e  c h a r a c t e r i s t i c  
dimension of t h e  loop i s  small  compared t o  t h e  d i s t a n c e  r .  
The magnet ic  f i e l d  a t  any poin t  can  be c a l c u l a t e d  by apply ing  t h e  t h r e e  
e q u a t i o n s  t o  t h e  c u r r e n t  loop formed by two a d j a c e n t  c i r c u i t s .  The 
r e s u l t a n t  f i e l d  i s  the  v e c t o r  summation of t he  c o n t r i b u t i o n  of each  
i n d i v i d u a l  loop .  We s h a l l  assume t h a t  t he  in s t rumen t s  which a r e  s e n s i -  
t i v e  t o  the  magnetic f i e l d  a re  mounted i n  o r  nea r  t h e  s p a c e c r a f t  s t r u c -  
t u r e .  Because the  e x a c t  l o c a t i o n  of t h e s e  in s t rumen t s  have no t  been  
s p e c i f i e d  w e  s h a l l  s e l e c t  a spot i n  the  geometr ic  c e n t e r  of t h e  space-  
c r a f t  w i t h  respect t o  t h e  s o l a r  pane l s  i n  o r d e r  t o  i l l u s t r a t e  t he  o r d e r  
of magnitude of the  f i e l d .  T h i s  i s  t h e  same s p o t  s e l e c t e d  i n  t h e  Type 
2 s o l a r  pane l  a n a l y s i s .  
3 . 6 . 1  MAGNETIC FLUX CALCULATION 
The t h i r d  a r r a y  concept  d i f f e r s  from t h e  previous  two i n  t h a t  t h e r e  
i s  e s s e n t i a l l y  on ly  one panel .  T h e r e f o r e ,  the  f i e l d  can never be zero  
due t o  symmetry. The wors t  case c o n d i t i o n  w i l l  be  reviewed, i . e . ,  
when t h e  panel  i s  c loses t  t o  the s e l e c t i o n  spot "P" as shown i n  F i g .  
3 - 2 3 .  For t h i s  cond i t ion  B is z e r o ,  because 8 = 0 (Ref .  Eq. 3 )  , and 
the  t o t a l  f l u x  i s  the  v e c t o r  summation of a l l  15 magnetic loops  of t h e  
e 
pane l ,  a s  shown i n  F ig .  3 - 2 4 .  Only the  l e f t  h a l f  of the  panel  i s  
shown s i n c e  t h e  panel  has  symmetry about i t s  c e n t e r l i n e .  
The magnetic f i e l d  i n  the  plane of the  p a n e l ,  a s  i l l u s t r a t e d  by F i g .  
3 - 2 4 ,  w i l l  be  determined.  F o r t u n a t e l y ,  because of the  symmetry, t he  
s i n e  components cance l  ou t  s o  t h a t  B = 0 a s  p rev ious ly  s t a t e d .  A l l  
t h e  c o s i n e  components can be added d i r e c t l y  and a l l  a r e  i n  t h e  d i r e c -  
t i o n  of Br.  
used.  
8 
Refe r r ing  t o  F ig .  3 - 2 4 ,  the  approximate va lues  w i l l  be 
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Figure 3-23 .  P o s i t i o n  o f  S o l a r  Panel  w i t h  Respect  
t o  Magnetic P o i n t  P Where Radius  r i s  
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-7 p = 4fi  x 10 henries/meter 
I = 0.274 amps 
2 
2 
= 1.22 x 0.203 = 0.247 meter 




2 k4 = 1.22 x 0.33 = 0.406 meter 
ec = o 
e2 
e3 = 32' 
= 41° e4 
= 49O e5 
e6 = 54' 
e7 = 58' 
= 13' 
= 23' 
r = 53.0 inches (1.34 meters) 
r = 54.0 inches (1.37 meters) 
= 57.0 inches (1.44 meters) 
= 61.5 inches (1.56 meters) 
= 70.0 inches (1.78 meters) 
r5 = 80.0 inches (2.03 meters) 
r6 = 87.0 inches (2.21 meters) 







The total flux at P is equal to: 
= (coset) + 2 JEL (cosel) .... 
3 
1 2n r 
3 2n r 
C 
T Br 
4n x (0.040) (o.974) 
3 (1) + 
4n x (0.067). 






4 n  x (0.040) (o .920 )  + 
x ( 1 . 4 4 ) j  
4 n  x (0.040). (o .848)  + 4n (0.111) (o .754 )  
3 71 ( 1 . 7 8 )  3 
+ 
x (1 .56)  
4x  x (0 .040)  (o .656 )  + 471 x (0 .040)  ( o . 5 8 7 )  + 
x (2 .03 )3  ( 2 . 2 1 ) ~  
471 x (0 .040)  (o .529 )  + 
x ( 2 ~ 2 ) ~  
= 5.60 10-9 + 6.09 + 4.94 
+ 3.58 + 5.88 + 1.25 
+ 0.87 + 0.59 
28.8 x 10’’ Weber/meter 2 = 
= 28.8 g a m a  
3.6.2 CONCLUSION 
The magnet ic  f l u x  a t  p o i n t  P is c o n s i d e r a b l y  h i g h e r  t han  i n  the  o t h e r  
two a r r a y s  ana lyzed .  
c o n d i t i o n  a r e :  
For comparison, t h e  t h r e e  v a l u e s  a t  wors t  c a s e  
Type I - 8.5 gamma 
Type I1 - 3.0 gamma 
Type 111 - 28.8 gamma 
It should  be p o i n t e d  o u t  t h a t  t hese  r e p r e s e n t  wors t  c a s e  c o n d i t i o n  f o r  
an a r b i t r a r i l y  p laced  r e fe rence  po in t  P .  
t i o n  a t  some o t h e r  l o c a t i o n  would a l t e r  f i e l d  i n t e n s i t y ,  dependent  
upon l o c a t  ion.  
Placement of t h e  in s t rumen ta -  





STRUCTURAL DESIGN AND ANALYSIS 
T h i s  s e c t i o n  c o n t a i n s  t h e  fol lowing informat ion:  
a. A f u n c t i o n a l  d e s c r i p t i o n  of each of t h e  major mechanical 
components of t h e  v e r t i c a l  boom s o l a r  a r r a y  b a s e l i n e  
c o n f i g u r a t i o n .  
each component. 
each component. 
i ng  c o n d i t i o n  f o r  each  component. 
r e s p e c t i v e  margins of s a f e t y .  
b. A d i s c u s s i o n  of t h e  c r i te r ia  used t o  s e l e c t  t h e  material f o r  
c .  A d e s c r i p t i o n  of t h e  mathematical  model(s)  used t o  ana lyze  
d. The loads  a n a l y s i s  performed t o  e s t a b l i s h  t h e  c r i t i c a l  load- 
e. The stress a n a l y s i s  f o r  each component and a summary of t h e  
f .  Conclusions and recommendations. 
The inechanical ccmpments  of t he  .crr.cy are: 
a .  S u b s t r a t e  and framing 
b. V e r t i c a l  boom 
c .  Launch suppor t  t r u s s  
4.1 SUBSTRATE 
4.1.1 DESCRIPTION 
There a r e  fou r  s u b s t r a t e s  requi red  p e r  s o l a r  a r r a y .  However, i t  i s  
cons idered  e s s e n t i a l l y  a s  one panel.  The cen te r  s e c t i o n  c o n s i s t s  of 
two s p h e r i c a l ,  hollowcore s u b s t r a t e s ,  wi th  be ry l l i um edge beams, shar -  
i ng  a common c e n t e r  beam. 
86.6 x 54.0 inches  wi th  a p l an  a r e a  of 32.5 f t  . The f o l d i n g  s i d e  pane l s  
The c e n t e r  o r  main s u b s t r a t e  i s  approximately 
2 
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a r e o f  i d e n t i c a l  c o n s t r u c t i o n , a n d a r e m o u n t e d b y  h inges  t o  t h e  ends of 
t h e  c e n t e r  s u b s t r a t e .  Each s i d e  s u b s t r a t e  i s  approximately 39.2 x 54 
inches ,  w i t h  a p l a n  a r e a  of 14.7 f t 2 ,  making a t o t a l  panel  a r e a  of 
61.9 f t2 .  
c o r e s .  "H" f i l m  d i e l e c t r i c  i s  bonded t o  t h e  c e l l  s i d e ,  and t h e y  a l l  
have a common s p h e r i c a l  r a d i u s  of 155.5 inches .  A l l  s u b s t r a t e s  a r e  
conta ined  by b e r y l l i u m  tube  frames which r e t a i n  t h e  boundary of t h e  
s p h e r i c a l  hollowcore t o  e s t a b l i s h  s h e l l  s t a b i l i t y .  The c e n t e r  pane l  
h a s  t h e  s o l a r  c e l l s  mounted on the  convex s i d e  of t h e  hol lowcore.  The 
s i d e  panels  have t h e  s o l a r  c e l l s  mounted on t h e  concave s i d e .  
A l l  s u b s t r a t e s  are aluminum and s p h e r i c a l ,  and have hollow- 
4.1.2 MATERIAL SELECTION 
The s u b s t r a t e  m a t e r i a l  chosen f o r  t h i s  c o n f i g u r a t i o n  i s  e lec t roformed 
aluminum hollow core .  T h i s  m a t e r i a l  was chosen f o r  t h i s  a p p l i c a t i o n  
based on the fo l lowing  c o n s i d e r a t i o n s :  
a .  Fabr ica t ion :  The e l e c t r o f o r m i n g  f a b r i c a t i o n  technique  e l i m i -  
n a t e s  in -process  handl ing  of f o i l  gage m a t e r i a l s  and d i f f i -  
c u l t  bonding o p e r a t i o n s  r e q u i r e d  t o  produce comparable t y p e s  
of sandwich s h e l l  s t r u c t u r e s .  
b. Weight: The one-piece s t r u c t u r e  which r e s u l t s  from t h e  e l e c -  
troforming process  i s  l i g h t e r  t h a n  la id-up  sandwich s t r u c t u r e s  
of e q u i v a l e n t  s t i f f n e s s .  
4.1.3 MATHEMATICAL MODELS 
a .  Dynamic launch load: The model used t o  c a l c u l a t e  t h e  dynamic 
i n t e r n a l  loads  dur ing  launch assumes a s u b s t r a t e  pane l  which 
i s  simply supported along i t s  per iphery .  The e x t e r n a l  l o a d s  
were assumed t o  a c t  normal t o  t h e  p lane  which i s  tangent  t o  
t h e  s u b s t r a t e  a t  i t s  c e n t e r .  
b .  Wind loading:  The s u b s t r a t e  p a n e l s  were assumed t o  be f l a t  







4.1.4 CRITICAL LOAD ANALYSIS 
a .  Launch load: The f i r s t  fundamental  r e s o n a n t  f requency of t h e  
s u b s t r a t e  w a s  determined by u s i n g  t h e  fo l lowing  equat ion:  
2 where : g = 386 IPS 
-3 Ph = (hollowcore and dead load w t / a r e a )  = 1.31 x 10 p s i  
6 E = 7.8 x 10 p s i  
I = 1.58 x i n 4 / i n  
D = E1 = 12.32 l b - i n  / i n  2 
h l  = ~ / C U  = 5.817 x 1 0 - 2 / i n  cy = 54 
P1 = n/B = 7.25 x 1 0 - 2 / i n  B = 43.3 . 
R = ( r a d i u s  of curva ture)  = 155.5 i n  
h1 = ( e f f e c t i v e  height  based on area)- 
= 7 2  + (!) - $ ($)] t 
L 
where 11 = 0.10 i n  
a = 0.525 i n  
d = 1.00 i n  
t = 0.004 i n  
. I  . .  11 = 2.165 x i n  
and 
I !  f n  = - - 386 
2n i 7. 8x106) (2.165 x 10 2 4 (12.32 {5.8172 + 7.252]210-8 + ( 1.31 1.555 x 10 





For an  i n p u t  load  of 1.5 g a t  72.2 Hz ( s e e  7254-4-1) t h e  maximum d e f l e c -  
t i o n  of t h e  s u b s t r a t e  occurs  a t  i t s  c e n t e r  and h a s  a magnitude of 0.228 
inch  which was determined by t h e  fo l lowing  e q u a t i o n :  
(See 7027-1DR, 18 May 1966, Appendix E) 
. 
where Q = dynamic m a g n i f i c a t i o n  = 50 
- 
W = 1 ( a t  c e n t e r  of panel)  
Ws = s i n u s o i d a l  input  a t  72 Hz = 1.5g 
wll = 2nfn  = 453.479 
16(50) (1) (1.5) (386)- :. w = 
rr2 (453.47912 
.. 
W = 0.224 inch  
_. 
The maximum a c c e l e r a t i o n  response a t  t h e  c e n t e r  of t h e  s u b s t r a t e  t o  an 
input  l o a d  o f  1 .5g  i s :  
= 16 Qijs 




W = - (50)(1.5)  
.. 
W = 121.6g (0-peak) 
b.  Wind Load: The t o t a l  wind load on a f l a t  p l a t e  i s  g iven  by 
the r e l a t i o n  : 
2 F = 112 CDpA V 
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where F = t o t a l  f o r c e  i n  l b  
CD = a c o e f f i c i e n t  depending on a s p e c t  r a t i o n ,  a / b ,  and t h e  a n g l e  between the  p l a t e  and t h e  wind flow, cy 
A = t o t a l  area of p l a t e  i n  f t 2  
lb-sec2  
f t  4 
p = t h e  mass d e n s i t y  of t h e  atmosphere (Mars) 
V wind v e l o c i t y  i n  f t / s e c  
The s p e c i f i c  parameters  f o r  t h e  concept  being ana lyzed  a r e :  
a / b  = 2 
CY = 90' worst  c a s e  
C,, = 1.162 
A = 61.9 f t 2  
= 3.59 x lb -sec2/ f t4  
V = 325 f t / s e c  ( f r e e  s t ream v e l o c i t y  x 0.67 + g u s t s )  i o e o ,  
F = 1 / 2  (1.16)(3.59 x 10-5)(61.9)(325)2 
V = (186 x 0.67 +200) 
F = 136.0 
The average p r e s s u r e  on t h e  panel due t o  the  wind loading  i s  2.19 
l b / f t  o r  0.0152 p s i .  T h i s  average a p p l i e d  p r e s s u r e  i s  s m a l l  compared 
t o  t h e  e q u i v a l e n t  average appl ied p r e s s u r e  of 0.159 p s i  which r e s u l t s  
from t h e  random v i b r a t i o n  loading. The des ign  load  f o r  t h e  pane l  
w i l l  be a p r e s s u r e  of 0.159 p s i .  
2 
4.1.5 STRESS ANALYSIS 
The membrane f o r c e  p e r  u n i t  length i s  determined by 






P - membrane force per unit length - lb/in R 
R = radius of curvature = 155.5 in 
p = (applied pressure) = (SpWt)p x g 
where 
where SpWt = (specific weight) = 1 .31  x psi 
g = w =  121.6 (0-peak) g 
p = 0.159 psi 
. P  (1.159 psi) (155.5)in 
- * a  2 - =  
P - = 12.38 lb/in. 
V. 
The average stress (design limit stress) is obtained by the following 
equation: 
where: 0 = average working stress - psi 
P / x  = (membrane load per unit length) = 12.38 lb/in 
h' = (effective height of hollowcore) = 2.165 x in 
.'.o = 5731 psi 
The allowable stress for the hollowcore, based on local crippling of 
the skin, is calculated from the following relation: 
where K = crippling coefficient = 12 (experimentally 
determined) 
6 E = 7.8 x 10 psi 
v = 0 . 3 3  
t = 0,004 in 
a = 0.525 
d = 1.00 
aallowable = 10,219 psi 





Margin of Safe ty :  
a l lowab le  s t r e s s  - M.S. = a c t u a l  stress x F.S. 
-1 = 0.426 10,219 5,731 x 1.25 M.S. = 
The c r i t i c a l  p r e s s u r e  f o r  o v e r a l l  buckl ing  of t h e  pane l  i s  given by 
(See 7027-1DR, 18 May 1966, Appendix D ,  page 9.)  
- 2(0.7) - 
155.5 (70.3311) x Pcr  
= 1.28 p s i  'cr 
The margin of s a f e t y  of o v e r a l l  buckling of the  pane l  is: 
c r i t i c a l  p re s su re  
a c t u a l  p re s su re  x F.S. M.S. = -1 
-1 1.28 
0.159 x 1.25 M.S. = 
M.S. = 5.44 




l b  
f t  
- 
2 
Figure  4 - 1 .  T o r s i o n a l  Wind Loading Cond i t ion  on t h e  S o l a r  Panel  
w h e r e :  L = 170 i nches  (14.16 f t )  
= 85 i nches  ( 7 . 0 8  f t )  2 
W = 54 i nches  ( 4 . 5  f t )  
R = - (-) = 36 inches  (3.0 f t )  2 L  




The maximum bending stress in the boom due to the wind loading is: 
Mc s = -  
I 
where M = F ( R ) + M ,  
F = 135.5 lb 
.Q = 60 inches 
M, = 333.3 ft lb (4000 in. lb) 
C = 2.5 inches 
I = TT R3 (t) 
R3 = 15.625 
t = 0.025 inches 
[135.5(60) + 4000](2.5) 
TT (15.625)(0.025) s =  
= 24,700 psi 
The critical bending moment basec. on e-astic buckling is: 
2 M = K  E 2rt cr 1 - v  
(Roark) 
where K = 0.72 (minimum experimentally determined value) 
E = 42 x lo6 
v = 0.1 
r = 2.5 
t = 0.025 
2 0.72)(42 x 106)(2.5)(0.025) 
M = (  2 1 - (0.1) cr 
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0.72(42 x 106)(2.5)(0.625 x 
0.99 
M =  
cr 
= 47,250 i n . / l b  
The y i e l d  s t r e n g t h  of t h e  b e r y l l i u m  i s  lower t h a n  t h e  s t ress  produced 
by t h e  c r i t i c a l  bending moment f o r  e l a s t i c  buckl ing.  Therefore ,  t h e  
a l l o w a b l e  stress f o r  t h e  wind loading  c o n d i t i o n  which produces bending 
i n  t h e  boom i s  t h e  y i e l d  s t ress .  
The margin of s a f e t y  f o r  t h e  bending load i s  
-1 y i e l d  s t r e n g t h  
maximum bending stress x 1.25 M.S. = 
-1 = 0.878 58,000 
24,700 x 1.25 M.S. = 
The s t ress  i n  t h e  boom due t o  t h e  t o r s i o n a l  loading ,  Ref. F ig .  4-1, 
i s  a s  fo l lows:  
where: Mo = 406.5 f t  l b  (4878 i n .  l b )  
d = 5.000 i n c h e s  
dl  = 4.950 i n c h e s  
- 4878 (16) - 
121.289) 
(125)(1 - 125.000 s S  
= 6,860 p s i  







The critical stress based on elastic buckling due to the torsional 
load i s  
312 E = 0.272 
'cr 3 3/4 
(1 - v')
6 where E = 42 x 10 
u = 0.1 
t = 0.025 
d = 5.000 
0.272(42 x 106)(0.00316> s =  cr 0.992 
(Roark) 
= 36,400 psi 
The allowable buckling stress is lower than the shear stress of the 
material(55,OOO psi), and therefore determines the margin of safety 
of the boom. 
The margins of safety of the vertical boom for the torsional wind 
loading condition is 
- 36,400 - 
6,860 (1.25) 
= 4.25 - 1  
M.S. = 3.25 
The rotational deflection of the boom due to torsional wind loading is 
given by 





where M, = 406.5 ft lb (4878 in. l b )  
L = 60 inches 
K = 112 17 r3 t 
r = 2.5 inches 
t = 0,025 inches 
G = shear modulus = 20 x l o 6  psi 
4878 (60)(2) 
(20 x lo6) (17) (15.625) (0.025) 
e =  
- 292,680 - 
(20 x 106)(1.226) 
= 0.0119 rad 
8 = 0.681 degrees 
C ONC LU S I O N  
The boom is sized by the rotational stiffness criteria to limit the 
rotation deflection under the torsional wind loading conditions. This 
is necessary to provide a stable mounting for the communication antenna, 
which i s  combined with the solar array mounting in this design. This 
analysis assumes that the boom is cantilevered from a rigid base. 
Further analysis of the boom deflection and dynamic response should 
include the effects of  the elasticity and tolerances in the boom latch 





4.2.2 LAUNCH SUPPORT TRUSS 
The truss which supports the rotating boom is shown schematically in 
Figure 4-2. The truss is designed to use beryllium tubes fabricated 
from cross-rolled sheet. 
Each solar panel section is latched to the spacecraft body during launch 
so that the effective dead load on the support truss in the 2 direction 
is as summarized below. 
Panel - 15.698 (0.5) = 7.849 
Vertical Boom - 1.530 (0.5) = 0.765 
Motors (0.500) (2) = 1.000 
Sun Sensor = 0.100 
Antenna Assembly = 3.500 
Motor Drives (1.000) (2)(0.5) = 1.000 
F = 14.214 
The fundamental resonant frequency of the support truss can be estimated 
from the following relation 
where DZ is the vertical static displacement produced by the effective 
dead load. D is determined as shown below. 
2 
+ F  = 0 F~~ + F~~ + F~~ 
c 
n - -  'AB (58 i + 32 3 + 25 k) 4 
F~~ - 71.00 
n 
(58 i - 32 3 + 25 k) 4 FC B FCB - 71.00 - -  
(60 2 - 14 k) - FC B FCB - - 61.6 
F = -14.214 (2) 
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- 32 in.---l-3 i 
I 
I 
Figure  4-2. Launch Loading Cond i t ions  
4-16 
A 
















, I  
0 (71) (60) 58 
I 
14.214 (71.00). 61.6 
0 1 71(60) 58 61.6 
0 -32 0 I 
.14.214(71). 32 14(71) J - (14 .214) (71 ) (32 ) (71>(60 )  
1.705 x 105(61.6) 5 61.6 1.705 x 10 
(0.92138)(F) = 13.09 l b  
= 13.09 l b  F~~ 
- 1.5458(F) = 21.97 l b  
TABULATION OF CALCULATION O F  VERTICAL DEFLECTION,  DZ 
Unit 
F FL Load P P z ( e )  Area, A Length, 
Member ( i n 2 )  L ( i n )  (Ib) e = E (1b;lby ( i n . 1  
A B  0.100 71.0 -13.09 -0.000221 -0.92138 0.000203 
BC 0.100 71.0 -13.09 -0.000221 -0.92138 0.000203 
BD 0.393 61.6 21.97 -0.000082 1.5458 0.000126 
~~ ~~ 
DZ = c P,(e) = 0.000532 
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The natural frequency is: 
1 386 lo3 
= 2rr d- f e -  n 2TT +.,/ 0.000532 
= 135.6 cps 
From Fig. 4-3, the input acceleration for the main structure at 135.6 
cps is 4.6 g (0-peak). 
Applying a 4.6 g input with a Q of 20 gives the following dynamic 
l o a d s  in the main truss members, 
F~~ FC B 
= 2021 lb BD 
1204.3 l b  
These loads are alternate tension-compression loads. 
The critical loads for Euler buckling are given by: 
n2 E I - -   
L2 cr 
F 
- n2 (42 x 106)(TT)(l)3(0.016) 
(AB) - 
= 4 1 3 2  lb (AB) 
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* 1 73628550 
The margins  of s a f e t y  are: 
-1 - 4132 
(AB) ( 1204.3) (1.25) 
- M.S. 
= 1.74 
Member BD i s  not c r i t i c a l  i n  Eu le r  buckl ing .  
The margins  of s a f e t y  a re  s u f f i c i e n t  f o r  t h e  members, f o r  t h e  buck l ing  
loads  imposed. 
The i o c a l  resonant  f requency o f  t he  d i agona l  member of  t h e  suppor t  i s  
= 1.57 
PL 
f n  
6 where : E = 42 x 10 p s i  
I = R3( t )  = 0.0503 
L = 71.0 i n .  
1 .57 x 10 42 (0.0503 
5041 f =  n 






From Fig. 4 - 3 ,  the input acceleration for the structure at 109.6 cps 
is 4.0 g. 
The maximum bending moment in the beam due to local resonance is 
where 8 = ( 4 . 0 ) ( 3 8 6 )  
Q = 20 
M = (4 .0 ) (386) (1 .7055  x 10-5)(20)(5041) 2 
= 342.4 in.-lb 
The bending stress is 
- - -  Mc - 342.40 = 6,807 psi 
'B - I 0.0503 
The margins of safety on yield and buckling for this loading condition 
are high. 
CONCLUSION 
The support truss is sized to support the boom and array assembly during 
launch conditions. The landing shock i s  small compared to the launch 
conditions. After deployment of the array, the support truss is released 
and falls away, pivoting on its mounting to the spacecraft. It is 
not a part of the operational structure. 
s 
" 1 












5.1 ENVIRONMENTAL INTERACTIONS I \ Refe r  t o  Volume 1 
I 5.2 .MATERIAL EVALUATION 
5.3 THERMAL ANALYSIS Refe r  t o  Volume I1 
5 - 4  WEIGHT ANALYSIS, SINGLE-PANEL-ORIENTED ARRAY 
The weight  breakdown f o r  t he  s i n g l e - p a n e l - o r i e n t e d  a r r a y  i s  g iven  i n  
Table  5-VI. 
5.5 RELIABILITY CONSIDERATIONS FOR THE TWO-AXIS VERTICALLY-MOUNTED ARRAY 
5.5.1 PHYSICAL DESCRIPTION 
The a r r a y  c o n s i s t s  of f o u r  i n d i v i d u a l  s o l a r  pane l s  deployed as shown i n  
drawing 7254-119. Each of the pane l s  c o n s i s t s  ( e l e c t r i c a l l y )  of sub- 
modules having  s i x  p a r a l l e l  c e l l s  e a c h .  A t o t a l  o f  60 submodules are 
s e r i e s - c o n n e c t e d  t o  form one c i r c u i t .  T h i r t y  c i r c u i t s  are p a r a l l e l -  
connec ted  t o  p rov ide  t h e  r equ i r ed  power o u t p u t  f o r  the a r r a y .  To pro- 
v i d e  e lec t r ica l  i s o l a t i o n  between pane l  and o u t p u t  l o a d ,  a p a i r  o f  re- 
dundant d iodes  i s  connected t o  t h e  o u t p u t  of each  c i r c u i t .  The purpose 
is  t o  provide  p r o t e c t i o n  t o  the s a t e l l i t e  power sys tem i n  e v e n t  of a 
s h o r t  t o  t h e  s u b s t r a t e  o f  any s e c t i o n .  The p r o b a b i l i t y  of a f a i l u r e  
mode of t h i s  type  o c c u r r i n g  i s  minimal .  
* 
* 
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5 . 5 . 2  R E L I A B I L I T Y  D E F I N I T I O N  
The a r r a y  e l e c t r i c a l  r e l i a b i l i t y  is d e f i n e d  as t h e  p r o b a b i l i t y  t h a t  t he  
pane l  w i l l  produce a minimum of  200 watts  a t  noon d u r i n g  t h e  Mar t i an  
summer season  w i t h  the  pane ls  c o r r e c t l y  p o s i t i o n e d  (pe rpend icu la r  t o  
t h e  sun  v e c t o r ) .  
5 . 5 . 3  POWER C A P A B I L I T Y  
The expec ted  power o u t p u t  of  t h e  a r r a y ,  under  t h e  c o n d i t i o n s  s t a t e d  i n  
Subsec t ion  5 . 5 . 2 ,  w i l l  be  205.7 watts.  During the s p r i n g - f a l l  s e a s o n ,  
w i t h  t h e  same o p e r a t i n g  c o n d i t i o n s ,  t h e  power w i l l  b e  234.4  watts. 
S ince  t h e  summer c o n d i t i o n  pe rmi t s  t h e  least  power l o s s ,  t h i s  env i ron -  
ment w i l l  be used f o r  t h e  r e l i a b i l i t y  c a l c u l a t i o n s .  
5 .5 .4  F A I L U R E  MODE D I S C U S S I O N  
5 . 5 . 4 . 1  Sola r  C e l l s  
The c r i t i c a l  mode f o r  t he  c e l l  a r r a y ,  i n  terms of  power l o s s ,  i s  the  
open c e l l  or c e l l s  t h a t  cause  c u r r e n t  l i m i t i n g  i n  the  c i r c u i t  c o n t a i n -  
i n g  t h e  open u n i t s .  
Shor ted  cel ls  have l e s s  e f f e c t  on the  c i r c u i t  power l o s s  due t o  l a c k  of 
t h e  c u r r e n t  l i m i t i n g  e f f e c t .  As a n  example,  the  c u r r e n t  l o s s  due t o  a 
s i n g l e  open c e l l  i n  one c i r c u i t  w i l l  redlice the  c i r c u i t  power by approx i -  
mate ly  7 .5% and the  t o t a l  a r r a y  o u t p u t  by 0.25'L whereas a s i n g l e  s h o r t e d  
c e l l  w i l l  reduce t h e  c i r c u i t  power by a maximum o f  1 . 7 X  and t h e  o v e r a l l  
a r ray  output  by 0 . 0 6 X .  
'I 
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5 . 5 . 4 . 2  Diodes 
The a r r a y  w i l l  f unc  i o n  w t h  s h o r t e d  d iodes  under  normal o p e r a t i o n a l  
s i t u a t i o n s .  Pa ra l l e l  redundant  d iodes  w i l l  be used  i n  a l l  c i r c u i t s  and 
each d iode  is capab le  of handl ing  t h e  c i r c u i t  l o a d  c u r r e n t .  T h e r e f o r e ,  
t h e  c r i t i c a l  mode is  t h e  p r o b a b i l i t y  of  more t h a n  one d iode  opening i n  
a c i r c u i t  d u r i n g  the  m i s s i o n .  
5.5.5 ANALYSIS 
5 . 5 . 5 . 1  Method 
This  d e s i g n  i s  based on a system u s i n g  minimal s i z e  and weight  t o  pro- 
duce the  r e q u i r e d  power ou tpu t .  The a r ray  is n o t  s u b j e c t  t o  p o t e n t i a l  
shadowing e f f e c t s  as is  t h e  case w i t h  t h e  c o n i c a l  s o l a r  a r r a y  and the  
h o r i z o n t a l  a x i s  a r r a y  d i scussed  i n  prev ious  r e p o r t s  (EOS 7254-M-5 and 
7254-M-6) ; t h e r e f o r e ,  the  number o f  c i r c u i t s  r e q u i r e d  is c o n s i d e r a b l y  
reduced .  
The a n a l y s i s  method used f o r  the 
l o s s e s ,  an  ex t remely  conse rva t iv  
more d e t a i l e d  a n a l y s i s ,  based on 
because of  the small permiss ib l e  
shadowed a r r ays  w a s  i n  t e r m s  
approach.  How v e r ,  f o r  t h i  
i n d i v i d u a l  c e l l  f a i l u r e s ,  is  
power loss i n  t h e  s y s t e m .  
of s e c t i o n  
a r r a y  a 
r e  qu i r e d  
The mathemat ica l  model u t i l i z e s  a c o n s e r v a t i v e  method o f  p r o b a b i l i t y  
c a l c u l a t i o n  by assuming t h a t  the a r r a v  c o n s i s t s  of  a t o t a l  o f  180 
i n d i v i d u a l  c e l l  s t r i n g s  ( i . e . ,  30 c i r c u i t s  x 6 s t r i n g s  p e r  c i r c u i t ) ,  
w i t h  each s t r i n g  c o n s i s t i n g  of 60 c e l l s  i n  s e r i e s .  The l o s s  of  a c e l l  
i s  assumed t o  r e s u l t  i n  t he  complete l o s s  of one s t r i n g .  
I n  o r d e r  t o  compare t h i s  a r r a y  wi th  the two previous  s y s t e m s  on the  
same b a s i s  ( i . e . ,  c i r c u i t  l o s s ) ,  p r o b a b i l i t y  f i g u r e s  have a l s o  been 




5 . 5 . 5 . 2  F a i l u r e  Rates 
The f a i l u r e  rates are:  
6 
6 
S o l a r  c e l l  = 0.01/10 hours  = ,\c 
Diode = 0.02/10  hours  = .,d 
The c e l l  f a i l u r e  r a t e  i s  based on t h e  va lue  used f o r  t h e  EOS 770 program 
f o r  a 2 x 2 cm c e l l .  The d iode  f a i l u r e  ra te  is t h a t  used f o r  t h e  Sur- 
veyor  so l a r  panels b u i l t  by EOS. O p e r a t i o n a l  mi s s ion  t i m e  = 8760 h o u r s .  
5 . 5 . 5 . 3  C a l c u l a t i o n s  
5 . 5 . 5 . 3 . 1  P e r m i s s i b l e  S t r i n g  F a i l u r e s  
Based on the  c o n d i t i o n s  o f  S u b s e c t i o n  5 . 5 . 2 ,  t h e  s t r i n g  l o s s  is  c a l c u -  
l a t e d  as f o l l o w s :  
Array  power o u t p u t  = 205.7 waLts 
Allowable power l o s s  = 205.7 - 200 = 5 . 7  wat t s  
Nominal s t r i n g  power = 205.7/130 = 1.14 wat ts  
Allowable s t r i n g  f a i l u r e s  = 5 . 7 / 1 . 1 4  = 5 s t r i n g s  
5 . 5  . 5  . 3  . 2  D i o  de Re 1 i a II i 1 i t y 
- L  - ( 0 . 0 2  :. 0760 x S i n g l e  diode ( R d )  = e = e  
lid = 0 . 9 9 9 8  
2 
Kedundant d iodes  (Kdr) = 1 - ( l - ~ d )  
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5 . 5 . 5 . 3 . 3  S i n g l e  S t r i n g  C e l l  R e l i a b i l i t y  (Rss) 
- n h t  - e - ( 6 0  x 0.01  x 8760 x -0.00526 = e  R = e  ss 
R = 0.99475 
s s  
5 . 5 . 5 . 3 . 4  S i n g l e  S t r i n g  R e l i a b i l i t y  wld iodes  (R ) 
S 
R = R x R = 0.99475 x 0.99999 
S ss d r  
R = 0.99474 
S 
5 .5 .5 .3 .5  T o t a l  Array R e l i a b i l i t y  (R,) 
The t o t a l  a r r a y  r e l i a b i l i t y  i s  determined by the  p r o b a b i l i t y  o f  t h e  l o s s  
of f i v e  s t r i n g s  and is  der ived  by expanding the  f i r s t  s i x  terms o f  t he  
b inomia l  d i s  t r  ibu  t ion.. 
180 6 6 
1 1 
R = ( p  + q ) n  = e (0.99474 + 0.00526) a 
R > 0.998 a 
5 . 5 . 5 . 3 . 6  C a l c u l a t i o n  Based on C i r c u i t  Loss 
I n  o r d e r  t o  compare t h i s  a r r ay  r e l i a b i l i t y  w i t h  v a l u e s  o b t a i n e d  f o r  t h e  
two p rev ious  systems on t h e  same b a s i s ,  c a l c u l a t i o n s  based on complete  
l o s s  of  c i r c u i t s  were de r ived  f o r  t he  a r ray .  I n  a d d i t i o n  t o  t he  30 
c i r c u i t  u n i t ,  v a l u e s  were a l so  de r ived  f o r  s y s t e m s  c o n t a i n i n g  a d d i t i o n a l  
c i r c u i t s .  





No. C i r c u i t s  Allowable No. of Re 1 i a b  i 1 i t  y 
In  Array  C i r c u i  t F a i l u r e s  Value - X 
30 1 77.31  
3 1  2 93.49 
32 3 98.51 
33 4 99.71 
34 5 99.95 
5 . 5 . 6  CONCLUSIONS 
The v e r t i c a l  axis array h a s  a p r o b a b i l i t y  of 99.8% of  meet ing  t h e  
minimum power requi rements  u s i n g  a n  a n a l y s i s  based on t h e  a l lowab le  
number of  i n d i v i d u a l  c e l l  f a i l u r e s .  
Comparison of t he  a r r a y  wi th  the  c o n i c a l  array and the  h o r i z o n t a l  a x i s  
a r ray  on the same b a s i s  ( i . e . ,  c i r c u i t  l o s s )  i n d i c a t e s  t h a t  t h e  v e r t i c a l  
axis  a r r a y  would r e q u i r e  a n  i n c r e a s e  t o  34 c i r c u i t s  i n  o r d e r  t o  compare 
f a v o r a b l y  with the o t h e r  s y s t e m s .  I t  shou ld  be no ted  t h a t  c a l c u l a t i o n s  
based on the loss of c i r c u i t s  r e s u l t  i n  ve ry  c o n s e r v a t i v e  r e l i a b i l i t y  
v a l u e s .  
i 
i 
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S E C T I O N  6 
PRELIMINARY MANUFACTURING PLAN 
Refer to Section 6 of Volume I 
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7 . 1  INTRODUCTION 
T h i s  s e c t i o n  d e s c r i b e s  t h e  t e s t  program proposed f o r  q u a l i f y i n g  t h e  JPL/ 
SPA' s i n g l e  p a n e l ,  o r i e n t e d  a r r a y  f o r  t h e  environments  of  s t e r i l i z a t i o n ,  
s t o r a g e  and t r a n s p o r t a t i o n ,  launch, f l i g h t ,  Mars l a n d i n g ,  and one E a r t h  
y e a r  on t h e  M a r t i a n  s u r f a c e .  Included a r e  t e s t s  of components where 
t h e y  r e p r e s e n t  s u b s t a n t i a l  innovat ions  and t e s t s  t o  be performed d u r i n g  
f a b r i c a t i o n  t o  determine a c c e p t a b i l i t y  of s u b a s s e m b l i e s .  A d d i t i o n a l  
tests n o t  l i s t e d  w i l l  be performed as r e q u i r e d  t o  q u a l i f y  materials and 
manu f ac t u  r i n g  techniques  . 
W e  have developed a l a r g e  body of s p e c i a l  t e c h n i q u e s  €or  t h e  t e s t i n g  of  
solar  p a n e l s ,  many of which w i l l  have d i r e c t  a p p l i c a t i o n  t o  t h e  JPLISPA 
program. 
7 . 1 . 1  DEFINITIONS 
a .  S u b s t r a t e :  Any one of f o u r  c e l l - s u p p o r t i n g  s t r u c t u r e s  which 
compose t h e  c e l l  a r r a y ,  w i t h o u t  c e l l s .  
b .  P r o t o t y p e  Panel :  Any one of t h e  s u b s t r a t e s  w i t h  "dummy" c e l l s  
o r  p a r t i a l  complement o f  " l i v e "  c e l l s .  To be used f o r  t e s t i n g  
purposes  o n l y ,  n o t  for  f l i g h t  u s e .  
c e l l s  a t t a c h e d  and i n  f i n a l  f l i g h t  c o n f i g u r a t i o n .  To be  used 
f o r  t e s t i n g  purposes o n l y ,  n o t  f o r  f l i g h t  u s e .  
a t t a c h e d  and i n  f i n a l  f l i g h t  c o n f i g u r a t i o n .  To be used f o r  
f l i g h t  u s e .  
c .  Q u a l i f i c a t i o n  Panel :  Any one of  t h e  s u b s t r a t e s  w i t h  " l i v e "  





e .  Tes t  Module: A group of  c e l l s ,  6P x 6S,  e l e c t r i c a l l y  i n t e r -  
connected and mounted t o  s u b s t r a t e  r e p r e s e n t a t i v e  of  t h e  
a c t u a l  pane l  s u b s t r a t e  b u t  one f o o t  squa re  i n  s i z e .  
d r ive  mechanisms, s h a r i n g  a common main s h a f t  t ube .  The sup- 
po r t  s t r u c t u r e  p o s i t i o n s  t h e  f l i g h t  pane l  and an tenna  d u r i n g  
launch,  f l i g h t ,  and l a n d i n g  i n  a stowed p o s i t i o n ,  and a f t e r  
l and ing  i s  r e l e a s e d  and f a l l s  away. 
f .  Mounting S t r u c t u r e :  The s u p p o r t  s t r u c t u r e  and two o r i e n t a t i o n  
g .  So la r  P l a n e t a r y  Array  o r  "Array": The complete  power s y s t e m  
as r e l a t e d  t o  the  f l i g h t  pane l  and mounting s t r u c t u r e .  
7 . 2  SOLAR ARRAY TESTS 
A summary of t h e  t e s t  program i s  p resen ted  i n  Table  7 - 1 .  
TABLE 7 - 1  
TEST PROGRAM SUMMARY 
Tab le  
7-11 
7 - 1 1 1  




I t e m  
Tes t  Module 
Pro to  type Pane 1 
Pro to  type A r r a y  
Q u a l i f i c a t i o n  Panel  
Q u a l i f i c a t i o n  Panel  
Q u a l i f i c a t i o n  A r r a y  
7-VI11 Q u a l i f i c a t i o n  Panel  










Tes t  D e s c r i p t i o n  
Eng inee r ing  E v a l u a t i o n  
P ro to type  Panel  T e s t  
P ro to type  Panel  and Mounting 
S t r u c t u r e  Test  
P re l imina ry  F l i g h t  Acceptance T e s t  
Formal Q u a l i f i c a t i o n  T e s t  
Formal Type Approval T e s t  
Formal R e l i a b i l i t y  T e s t  
F l i g h t  Acceptance T e s t  
* i  i 
7 .2 .1  ENGINEERING EVALUATION TEST 
T h i s  t e s t  s h a l l  be performed on 4 t e s t  modules c o n s i s t i n g  of  6P x 6 s  
c e l l s ,  each mounted on a squa re  foo t  s u b s t r a t e  r e p r e s e n t a t i v e  o f  t he  
f l i g h t  s u b s t r a t e  . 






Performance and environmental testing shall be accomplished to estab- 
lish advance confidence in fabrication techniques, testing, and environ- 
mental requirements prior to conducting prototype tests. 






4 .  
5. 












testing sequence for each test. 
TABLE 7-11 
ENGINEERING EVALUATION TEST SEQUENCE 














7 millibars pressure 
270 mph wind 
1 to loop, abrasive, conductive dust 
Mechanical inspection 
Simulator test 
Accelerated wea ther ing 
Mechanical test 
Simulator test 




7.2.2 PROTOTYPE TESTING 
T h i s  test s h a l l  be performed i n  two p a r t s :  f i r s t ,  a p r o t o t y p e  p a n e l  
s h a l l  b e  t e s t e d  p e r  t h e  t e s t i n g  sequence shown i n  Table  7-111, and 
t h e n  t h e  panel s h a l l  b e  mounted t o  a p r o t o t y p e  s p a c e c r a f t  and t e s t e d  
f o r  o r i e n t a t i o n  c a p a b i l i t i e s  i n  a wind t u n n e l  t o  s i m u l a t e  t h e  dynamic 













PROTOTYPE PANEL TEST 
I t e m :  S u b s t r a t e ,  w i t h  dummy c e l l s  
Q u a n t i t y :  One 
Mechanical i n s p e c t i o n  
V i b r a t i o n  ( s i n u s o i d a l )  
Mechanical i n s p e c t i o n  
V i b r a t i o n  (random) 
Mechanical i n s p e c t i o n  
S t e r i l i z a t i o n  
Mechanical i n s p e c t i o n  
Rapid decompress i o n  
Mechanical i n s p e c t i o n  
Temperature c y c l i n g  









PROTOTYPE PANEL AND MOUNTING STRUCTURE TEST 
I t e m :  P r o t o t y p e  a r r a y  
Q u a n t i t y :  One 
1. Mechanical i n s p e c t i o n  
2. Deployment - h o r i z o n t a l  
3.  Mechanical i n s p e c t i o n  
4. Deployment 34' upward 
5 .  Mechanical i n s p e c t i o n  
6 .  Deployment 34' downward 
7. Mechanical i n s p e c t i o n  
8 through 14. Repeat s t e p s  2 through 7 i n  an 1 8 . 5  mph wind 
( 1  atmosphere p r e s s u r e )  
d i r e c t  ion  
0 15 through 21, Repeat s t e p s  8 through 14  w i t h  wind from 90 
7 , 2.3 ACCEPTANCE TEST 
Acceptance t e s t i n g  w i l l  be  performed on  a l l  f l i g h t  p a n e l s  p r i o r  t o  
d e l i v e r y  t o  JPL, and on t h e  q u a l i f i c a t i o n  p a n e l s  p r i o r  t o  q u a l i f i c a -  
t i o n  t e s t i n g .  
recorded  and maintained.  A l l  s u n l i g h t  and r o o f t o p  tests i n c l u d e  d i o d e  
r e v e r s e  leakage  and i n s u l a t i o n  r e s i s t a n c e  tes ts .  
The e l e c t r i c a l  and environmental  t e s t  d a t a  s h a l l  b e  
EOS w i l l  perform t h e  acceptance t es t s  i n  t h e  sequence shown i n  Table  
7-V. 
and on each panel  o f  a l l  f l i g h t  u n i t s .  
The acceptance  t es t  w i l l  be performed on t h e  q u a l i f i c a t i o n  p a n e l  




ACCEPTANCE TEST SEQUENCE 
To be  performed on any f l i g h t  panel.  
1. Sun l igh t  t e s t  
2. Acoust ic  t e s t  
3 .  Mechanical i n spec t ion  
4. Roo f t op t es t 
5 .  Temperature c y c l i n g  
6 .  Mechanical i n spec t ion  
7 .  Sun l igh t  test  
7.2.4 QUALIFICATION TEST 
To be performed on one s o l a r  panel .  
All i nd iv idua l  tests s h a l l  be performed without  any adjustments  and lo r  
r e p a i r s  being accomplished du r ing  such tests. 
f a i l u r e ,  EOS w i l l  s t o p  a l l  f u r t h e r  t e s t i n g  and s h a l l  no t  proceed be- 
f o r e  no t i fy ing  JPL. 
t e s t i n g  s h a l l  be recorded and maintained. 
I n  t h e  event  o f  a test 
A l l  d a t a  taken  du r ing  e l e c t r i c a l  and environmental  
P r i o r  t o  any q u a l i f i c a t i o n  t e s t i n g ,  t h e  s o l a r  pane l  
f a c t o r i l y  passed the  e l e c t r i c a l  and environmental  requirements  of 
acceptance t e s t i n g .  
s h a l l  have s a t i s -  
Table 7 - V I  shows t h e  q u a l i f i c a t i o n  tes t  sequence. 
7.2.5 FORMAL TYPE APPROVAL TEST 
Af te r  completion of  t h e  i n d i v i d u a l  q u a l i f i c a t i o n  panel  tests, t h e  
u n i t  s h a l l  be  assembled t o  a complete mounting s t r u c t u r e  and a 
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TABLE 7-VI 
QUALIFICATION TES T SEQUENCE 
To be 
1. 
2 .  
3 .  
4 * .  
5 .  
6 ,  
7 .  



































Vibration - transverse axis (sinusoidal and random) 
Mechanica 1 inspec tion 
Vibration - lateral axis (sinusoidal and random) 
Mechanical inspec tion 
Vibration - longitudinal axis (sinusoidal and random) 
Mechanical inspection 
Rooftop test 
Shock f transverse axis 
Mechanical inspection 
Shock * lateral axis 
Mechanical inspection 
Shock f longitudinal axis 
Mechanical inspection 
Roof top test 
Acoustic 
Mechanical inspection 
Roof top test 
Temperature vacuum 
Mechanical inspection 









s imula t ed  v e h i c l e  body f o r  t ype  approva l  t e s t i n g .  The t e s t i n g  s h a l l  
be p e r  t h e  sequence shown i n  Tab le  7 - V I I .  
TABLE 7 - V I 1  
TYPE APPROVAL TEST 
I t e m :  Q u a l i  f i c a  t i o n  Array 






6 .  
7 .  
8 .  












2 1 .  
2 2 .  
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a. Q u a l i f i . c a t i o n  p a n e l  
b. Q u a l i f i c a t i o n  mounting s t r u c t u r e  
Mechanical i n s p e c t i o n  
S u n l i g h t  tes t  (pane l )  
V i b r a t i o n  - t r a n s v e r s e  a x i s  ( s i n u s o i d a l  and random) 
Mechanical i n s p e c t i o n  
V i b r a t i o n  - l a t e r a l  a x i s  ( s i n u s o i d a l  and random) 
Mechanical i n s p e c t i o n  
V i b r a t i o n  - v e r t i c a l  a x i s  ( s i n u s o i d a l  and random) 
Mechanical i n s p e c t i o n  
Rooftop t es t  
Shock ( g e n e r a l )  f t r a n s v e r s e  a x i s  
Mechanical i n s p e c t i o n  
Shock (gene ra l )  * l a t e r a l  a x i s  
Mechanical i n s p e c t  i on  
Shock ( g e n e r a l )  f v e r t i c a l  a x i s  
Mechanical i n s p e c t  ion 
Rooftop tes t  
Type approva l  system s t e r i l i z a t i o n  
Mechanical i n s p e c t i o n  
Rooftop t es t  
D i  s a s  s emb 1 y 
Mechanical i n s p e c t  ion  
S u n l i g h t  tes t  (pane l )  
7-8 
7.2.6 RELIABILITY TEST 
EOS w i l l  perform t h e  r e l i a b i l i t y  t es t  u s i n g  t h e  p a n e l  p r e v i o u s l y  used 
d u r i n g  q u a l i f i c a t i o n  t e s t i n g .  
The pane l  s h a l l  be  s u b j e c t e d  to a t o t a l  o f  30 days  of envi ronmenta l  
c o n d i t i o n s .  Every 120 hour s  the  u n i t  s h a l l  be  removed from i t s  en- 
vironment  and r o o f t o p  t e s t e d .  
Tab le  7 - V I 1 1  shows t h e  t e s t  sequence f o r  t h e  r e l i a b i l i t y  tests.  
NOTE 
I f  wind t u n n e l  tes t  o f  deployed a r r a y  shows 
s u b s t a n t i a l  v i b r a t i o n  o r  o s c i l l a t i o n ,  a 
r e l i a b i l i t y  t e s t  may b e  r e q u i r e d  t o  e v a l u a t e  
t h i s  parameter .  
TABLE 7 - V I 1 1  
Li 
J 
‘ 1  
RELIABILITY TEST SEQUENCE 
To be performed on one s o l a r  pane l  (used i n  q u a l i f i c a t i o n  t es t  
















S u n l i g h t  tes t  
Temperature cyc le  (5 days)  
Roof top  test 
Remperature c y c l e  (same a s  2) 
Rooftop t es t  (same as 3 )  
Temperature  cyc le  (same as 2) 
Rooftop test (same as 3 )  
Temperature c y c l e  (same a s  2) 
Rooftop test  (same a s  3)  
Temperature cyc le  (same a s  2) 
Rooftop test (same a s  3 )  
Temperature cyc le  (same as 2 )  
S u n l i g h t  t es t  (same a s  1 )  
7 - 9  
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7.2.7 SHIPPING CONTAINER TEST 
.- 
The test shall consist of three drops from an elevation of 12 inches. 
The container shall be dropped once in each plane as follows: 
a. Flat 
b. Edgewise (long edge) 
c. Edgewise (short edge) 
The object of these tests is to determine that no physical damage 
occurs to the SPAS which may be in the container. All data shall be 
recorded and maintained. 
7 . 3  TEST EQUIPMENT AND FIXTURES 
EOS has maintained the latest in test equipment to record and resolve 
data within the parameters of present day requirements. 
Three basic means of data acquisition for performance testing of solar 
devices are employed: digital voltmeters, digital printers, and X-Y 
recorders. Sun simulators are used to illuminate some of the solar 
devices; these will be discussed later. 
The latest in test equipment is employed for environmental require- 
ments. Digital voltmeters, temperature recorders, and electronic 
control equipment are a few of those utilized for controlling, resolv- 
ing, and recording data and/or functions. 
environmental chambers capable of reaching pressures of 1 x 10 torr 
and simulating space environment conditions of solar panel testing. 
Presently being used are 
-6 
Fixtures for vibration and shock,  acoustic, temperature cycling, 
humidity tests, and altitude temperature tests will be specially 






7.4 PERFORMANCE TESTING (Sunl ight ,  Rooftop,  and S o l a r  S imula to r )  
EOS w i l l  make performance tes ts  f o r  t h e  purpose  o f  accep tance  d u r i n g  
f a b r i c a t i o n  levels and f i n a l  acceptance.  The f o l l o w i n g  pa rag raphs  
d i s c u s s  t h e  i n d i v i d u a l  tests i n  g r e a t e r  d e t a i l .  
7.4.1 SINGLE CELL TESTING 
I n d i v i d u a l  c e l l  measurements w i l l  be made under  a t u n g s t e n  i o d i n e  
l i g h t  sou rce ,  c a l i b r a t e d  t o  an i n t e n s i t y  o f  140 mW/cm (AMO). A 
s t a n d a r d  c e l l ,  t y p i c a l  i n  s p e c t r a l  r e sponse  t o  c e l l s  b e i n g  f a b r i c a t e d  
i n t o  SPAS, s h a l l  b e  c a l i b r a t e d  a g a i n s t  a JPL b a l l o o n  flown s t a n d a r d .  
2 
7.4.2 SUBMODULE TESTING 
The submodule t e s t i n g  i s  performed under  t h e  same t u n g s t e n  i o d i n e  
s i m u l a t o r  d i s c u s s e d  i n  Subsec t ion  7.4 .1 .  
The submodules are t e s t e d  f o r  I ( s h o r t  c i r c u i t  c u r r e n t )  and t h e  
c u r r e n t  a t  485 mV. These tests a r e  performed w h i l e  t h e  submodule i s  
a t  a t empera tu re  o f  28O It2OC. 
(2  c m  x 12  cm) w i l l  b e  performed w i t h  a s t a n d a r d  c e l l  and set f o r  an 
sc 
C a l i b r a t i o n  of t h e  submodule a r e a  
z 
i n t e n s i t y  of 140 mW/cm . 
o r  less. 
Area un i fo rmi ty  w i l l  be h e l d  t o  w i t h i n  *l% 
The tes t  f i x t u r e  has  t h e  s t anda rd  4 -po in t  probe e l e c t r i c a l  c o n t a c t  
system, and a l s o  employs a vacuum s y s t e m  t o  a i d  i n  s e c u r i n g  t h e  sub- 
module t o  t h e  base .  
7.4.3 SAMPLE MODULE TESTING 
The 6 x 6 c e l l  sample module used i n  t h e  t e s t  sequence o f  Table  7-11 




7.4.4 PANEL TESTING 
EOS w i l l  t e s t  t h e  SPAS i n  s u n l i g h t .  An I - V  cu rve  w i l l  be  produced 
f o r  each c i r c u i t  on  the pane l  and f o r  a t o t a l  pane l .  
"Sun l igh t "  tes ts  w i l l  b e  performed a t  Tab le  Mountain? C a l i f o r n i a .  
"Rooftop" t e s t s  w i l l  b e  performed a t  t h e  Pasadena f a c i l i t y .  
The I - V  p l o t s  w i l l  be  drawn w i t h  an X-Y r e c o r d e r  and p o i n t s  (I 
V 
d u r i n g  t e s t i n g  ( t empera tu re ,  i n t e n s i t y ,  pane l  e l e c t r i c a l  o u t p u t s ,  d a t e ,  
t i m e ,  e t c . )  w i l l  b e  p r o p e r l y  recorded  and main ta ined .  
and sc 
) w i l l  be checked a g a i n s t  a d i g i t a l  v o l t m e t e r .  Data  a c q u i r e d  
oc 
S u n l i g h t  performance tests a r e  performed when t h e  fo l lowing  c o n d i t i o n s  
e x i s t :  
0 Sky r a d i a t i o n  10 p e r c e n t  o r  less 
2 
Sun i n t e n s i t y  approximate ly  100 mW/cm 
Data obta ined  d u r i n g  t e s t i n g  o f  s o l a r  p a n e l s  i s  e x t r a p o l a t e d  from AM1 
(100 mW/cm2) t o  AM0 (140 mW/crn ) . 2 
Tests w i l l  be performed t o  de te rmine  t h e  c h a r a c t e r i s t i c  t empera tu re  
r e sponse  o f  t h e  c e l l s  and t h a t  d a t a  w i l l  be used t o  d e r i v e  p a n e l  open 
c i r c u i t  v o l t a g e .  
c o r r e c t i o n s  must be made t o  c o r r e c t  f o r  sun  i n t e n s i t y  l o s s e s  
I S C  
through t h e  E a r t h ' s  atmosphere. An equa t ion  f o r  I c o r r e c t i o n  i s  
a s  fo l lows :  
s c  
S C U C  
I 
I = I  x- 










where: I = t h e  c o r r e c t e d  s h o r t  c i r c u i t  c u r r e n t  f o r  a c i r c u i t  
S C P l  
I = t h e  recorded  s h o r t  c i r c u i t  c u r r e n t  f o r  a c i r c u i t  
SCP2 d u r i n g  t e s t i n g  
= t h e  s t a n d a r d  ce l l ,  unco l l ima ted ,  s h o r t  c i r c u i t  
SCUC 
I 
c u r r e n t  r ead ing  d u r i n g  t e s t i n g  
= t h e  c a l i b r a t e d  AM0 s h o r t  c i r c u i t  c u r r e n t  f o r  t h e  
s t a n d a r d  ce l l  I s c n  
E x t r a p o l a t i o n s  f o r  I and V w i l l  be  determined and a c o r r e c t e d  I - V  
c u r v e  s h a l l  be r e p l o t t e d  f o r  an AM0 (140 mW/cm ) i n t e n s i t y .  The maxi- 
mum power p o i n t  w i l l  then  be determined from t h i s  curve.  










T h i s  r e p o r t  f i n a l i z e s  the  d e t a i l e d  a n a l y s i s  and demons t r a t e s  t h e  f e a s i -  
b i l i t y  o f  t h e  t h i r d  o f  t h r e e  a r r a y  concepts  o f  a p l a n e t a r y  p h o t o v o l t a i c  
s o l a r  a r r a y  f o r  o p e r a t i o n  on  t h e  Mar t i an  s u r f a c e .  
The sys tem p resen ted  h e r e  i s  a s i n g l e - p a n e l - o r i e n t e d  a r r a y  meet ing a l l  
t he  packaging c o n s t r a i n t s  imposed on the  des ign  by JPL i n  drawing 
1002-3236A. The b a s i s  of t h i s  concept  w a s  t o  p r e s e n t  t o  JPL a system 
which had o r i e n t a t i o n  c a p a b i l i t y ,  and no shadowing r e s t r i c t i o n s .  To 
accomplish t h i s ,  i t  is mandatory t h a t  t h e  an tenna  and s o l a r  a r r a y  be 
mounted t o  a common v e r t i c a l  boom e l e v a t e d  above the  s p a c e c r a f t  body. 
Th i s  a l lows  t h e  minimum number o f  c i r c u i t s  (30) t o  be used  t o  achieve  
the  r e q u i r e d  power o u t p u t  o f  200W under  wors t  case c o n d i t i o n s .  
Combining the  an tenna  and s o l a r  a r ray  mounting p r e s e n t s  a problem i n  
m a i n t a i n i n g  the  p o i n t i n g  accuracy  o f  the  an tenna  when the sys tem i s  
b u f f e t e d  by wind g u s t s .  The v e r t i c a l  boom h a s  been s i z e d  t o  minimize 
the d e f l e c t i o n  due t o  wind loads ;  however, o t h e r  f a c t o r s  would be 
p r e s e n t .  The d r i v e  mechanisms would have t o  be des igned  t o  e l i m i n a t e ,  
as much as p o s s i b l e ,  any backlash i n  the  g e a r i n g ,  and t h e  l a t c h i n g  
mechanism o f  t h e  v e r t i c a l  boom would have t o  be of  a s e l f - t i g h t e n i n g  
des ign .  Other  f a c t o r s ,  such a s  the s t a b i l i t y  o f  t he  s p a c e c r a f t  body 
and l e g s  and the  s o i l  c o n d i t i o n  where the  v e h i c l e  landed ,  would a f f e c t  
the  an tenna  p o i n t  accu racy ,  b u t  t hese  are unanswerable  a t  t he  p r e s e n t  
t i m e  . 
The s i n g l e - p a n e l - o r i e n t e d  a r r a y  of  30 c i r c u i t s  w i l l  meet t he  d e s i r e d  




200W a t  s o l a r  noon f o r  w o r s t  case s e a s o n a l  c o n d i t i o n s .  The power o u t -  
p u t s  f o r  t he  l i m i t i n g  s e a s o n a l  c o n d i t i o n s  are!: 
Summer S o l s t i c e  a t  noon - 205.6W. 
S p r i n g / F a l l  Equinox a t  noon - 234.4W. 
A summary of  the sys tem i s  as fo l lows :  
a .  
b .  
C .  
d .  
e .  
f .  
g. 
h .  
i. 
Type o f  c e l l  - 0.010 i n .  t h i c k ,  2 x 2 cm, N/P, t o p  c o n t a c t ,  
1 -3  ohm-cm, s o l d e r l e s s  
Output  of  c e l l  - 58 mW a t  4 8 5  mV (AMO) 
Number of c e l l s / c i r c u i t  - 6P x 6 0 5  ( 3 6 0 )  
Number o f  c i r c u i t s / a r r a y  - 30 
Number o f  c e l l s / a r r a y  - 10,800 
Number of  o r i e n t a t i o n  d r i v e s  - 2 
Number o f  o r i e n t a t i o n  d r i v e s  - 2 f o r  an tenna  
O r i e n t a t i o n  mode - cont inuous  motor gea r  d r i v e ,  w i t h  s o l a r  c e l l  
sun s e n s o r  
Weight summary - 
1. Pane l  s u b s t r a t e s  7 .067  
2 .  Adhesives  ( s t r u c t u r a l )  0 . 3 9 5  
3 .  S t r u c t u r e  and d r i v e  9 . 9 7 8  
4 .  S o l a r  c e l l s  and components 6 . 5 7 3  
5 .  Adhesives  ( c e l l  mtg) 1 . 6 6 3  
S u b t o t a l  25.676 
lox Es t ima te  Allowance 2 .567  
T o t a l  2 8 . 2 4 3  
6 .  Es t ima te  of  an tenna  and d r i v e  3 . 5 0 0  
( I b )  
The power t o  weight  r a t i o ,  based on 1 A U ,  f o r  the  o u t p u t  c o n d i t i o n  of  
noon a t  the  summer s o l s t i c e  wi th  a s o l a r  i n t e n s i t y  on the  Mar t i an  s u r -  
f ace  of 4 6  mW/cm2 may be found as fo l lows :  





Power a t  Summer S o l s t i c e  (noon) - 205.6W 
Converting t o  1 AU by the  r a t i o  o f :  
461140 = 0.328 
The equ iva len t  a r r a y  power output  a t  1 AU is: 
205.610.328 = 626W 
The s p e c i f i c  power at 1 AU would be:  
626Wl28.243 l b  = 22.2 W/lb 
7254-4-3 
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